Quantum correlation and its measurement are essential in exploring fundamental quantum physics problems and developing quantum enhanced technologies. Quantum correlation may be generated and manipulated in different spaces, which demands different measurement approaches corresponding to position, time, frequency and polarization of quantum particles. In addition, after early proof-of-principle demonstrations, it is of great demand to measure quantum correlation in a Hilbert space large enough for real quantum applications. When the number of modes goes up to several hundreds, it becomes economically unfeasible for single-mode addressing and also extremely challenging for processing correlation events with hardware. Here we present a general and large-scale measurement approach of Correlation on Spatially-mapped Photon-Level Image (COSPLI). The quantum correlations in other spaces are mapped into the position space and are captured by single-photon-sensitive imaging system. Synthetic methods are developed to suppress noises so that single-photon registrations can be faithfully identified in images. We eventually succeed in retrieving all the correlations with big-data technique from tens of millions of images. We demonstrate our COSPLI by measuring the joint spectrum of parametric down-conversion photons. Our approach provides an elegant way to observe the evolution results of large-scale quantum systems, representing an innovative and powerful tool added into the platform for boosting quantum information processing.
Quantum correlation and its measurement are essential in exploring fundamental quantum physics problems and developing quantum enhanced technologies. Quantum correlation may be generated and manipulated in different spaces, which demands different measurement approaches corresponding to position, time, frequency and polarization of quantum particles. In addition, after early proof-of-principle demonstrations, it is of great demand to measure quantum correlation in a Hilbert space large enough for real quantum applications. When the number of modes goes up to several hundreds, it becomes economically unfeasible for single-mode addressing and also extremely challenging for processing correlation events with hardware. Here we present a general and large-scale measurement approach of Correlation on Spatially-mapped Photon-Level Image (COSPLI). The quantum correlations in other spaces are mapped into the position space and are captured by single-photon-sensitive imaging system. Synthetic methods are developed to suppress noises so that single-photon registrations can be faithfully identified in images. We eventually succeed in retrieving all the correlations with big-data technique from tens of millions of images. We demonstrate our COSPLI by measuring the joint spectrum of parametric down-conversion photons. Our approach provides an elegant way to observe the evolution results of large-scale quantum systems, representing an innovative and powerful tool added into the platform for boosting quantum information processing.
Quantum correlation, as one of the unique features of quantum theory, plays a crucial role in quantum information applications. After experiencing quantum evolutions, e.g. quantum interference, quantum particles can be correlated in more diverse ways than the classical counterpart. For example, HongOu-Mandel (HOM) interference can reveal the nonclassical bunching properties of photons [1] . These correlation characteristics are crucial in quantum computing [2] [3] [4] [5] , quantum simulation [6] [7] [8] [9] and quantum communication [10] [11] [12] [13] .
In theory, especially in the field of quantum computing, if we manage to send enough entangled photons into plenty of modes and operate their superposition states simultaneously, we would be able to obtain sufficiently large quantum state space that may enable a higher computational power than classical computers. In practice, it may still be acceptable to place single photon detector behind each spatial mode for comparably small systems [9, [14] [15] [16] . However, it will become both technically challenging and economically unfeasible to address thousands of modes simultaneously with single photon detectors, and therefore become a decisive bottleneck preventing from detecting state spaces large enough for real quantum applications.
Thankfully, recent advances of charge-coupled device (CCD) cameras make it possible to directly image spatial output results at a single-photon level [17] [18] [19] [20] [21] [22] [23] [24] . HOM interference was also successfully verified by low-noise correlation detection on two modes with an intensified camera [25] .
An alternative and elegant approach we present in this work is to convert the modes in different degrees of freedom into the modes in position, and then measure all the spatial modes accordingly by the large number of units in singlephoton-sensitive cameras. We call this general and large-scale measurement approach as Correlation on Spatially-mapped Photon-Level Image (COSPLI). We have also developed the methods to retrieve the low-noise signal of single-photon registrations and their correlations from tens of millions of images. As an example for applications, we experimentally demonstrate our COSPLI by measuring the spectral correlations [26] [27] [28] [29] of parametric down-conversion photons.
COSPLI can generally be achieved in five steps ( Figure.1a ). The first step is to identify the target space where correlation exists. The quantum states of a single photon can be expressed in various eigenvectors with corresponding eigenvalues, such as the position, time, frequency and polarization. The target space can be whichever space needed to measure. In Figure .1a, we use symbol {u i 1 } and {u j 2 } to represent the target variables. In our experiments, we detect joint spectrum of correlated photons to demonstrate this technique. Under this circumstance, the target is spectrum or frequency space.
The target variable is usually hard to be directly detected in large number of modes. Therefore, a mapping operation is necessary to convert the target to position space, {x i 1 } and {x j 2 }, which can be measured by a CCD camera. To demonstrate this, we map the frequency information of photons to their positions. In optical system, prisms and gratings are commonly used as spectroscopic devices. To optimize the efficiency and splitting angle, we choose a blazed grating to transform different frequency components of photons into their corresponding positions. Within a particular wavelength range, the first-order diffracted spot of blazed grating is the brightest, rather than the zero-order reflected spot, which means that the grating loss can be controlled to a relatively A mode-lock Ti:sapphire oscillator, centered at 780nm with a laser pulse duration of 130f s and a repetition rate of 77 MHz, pumps a 1.3-mm thick LiB3O5(LBO) crystal to double the laser frequency to 390nm. The ultraviolet laser then pumps a 2-mm thick β-BaB2O4(BBO) crystal to create identical photon pairs via a χ (2) type-II spontaneous parametric downconversion process in the beam-like scheme [32] . The correlation in frequency space of signal and idler photons are mapped into the correlation in position space by a blazed grating with a line density of 1200l/mm. c. upper An accumulated image with all spectral components. The upper and lower spots are signal and idler photons, respectively. c. middle One of the frames that possess two registered photons. The two shiny spots are distributed in the two characterized areas in the accumulated image, respectively. c. lower The white grids define the resolution of correlation measurement by dividing the mapped space into many individual parts. d. The spectra of signal and idler photons derived from the accumulated image. low level.
The mapped positions of photons can be either discrete or continuous. For instance, the outputs of two-dimensional quantum walk from a photonic chip present a discrete spot array. Thus, we are able to directly divide them into several discrete regions according to the location of spots, and construct a correlation matrix. As is shown in Figure. 1a, symbols {x i 1 } and {x j 2 } represent different components of converted position variables. In our demonstration experiment, the frequency spectra of photons are continuous, and the converted positions therefore are also continuous. However, in the data analysis process, we have to divide the continuous pattern into equal-size segments. As a result, the continuity of data is destroyed to some extent. Hence, we need to restore its inherent continuity at a later stage.
The forth step is to measure the spatially-mapped positions with a proper imaging system. Nowadays, intensified chargecoupled device (ICCD) and intensified scientific complementary metal oxide semiconductor (IsCMOS) [30] are being well developed to observe single photons. Their high time resolution can be employed as temporal filter to suppress noises. We retrieve the spatial information from each frame, and retrieve the temporal information from the order of frames. We then can perform the last step, which is to calculate the correlation matrix to analyse spatial and/or temporal correlation.
As an example, we demonstrate a mapping from frequency correlation to spatial correlation of photons (see Figure.1 b) . Type-II spontaneous parametric down-conversion [31] is applied to generate two frequency-correlated photons, the joint spectrum of which can be written as are theoretical and experimental results of time-dependent joint spectral intensity matrix. The joint spectrum of correlated photons generated by BBO is obliquely-elliptical shape rather than a strict one-to-one relationship, because the two photons are not maximally correlated in frequency space [33] .
ICCD.
In the correlation analysis process, we firstly define the regions where photons will appear by accumulating signal and idler photons on a single image. We then divide the regions of signal and idler photons into 24 and 37 segments respectively as shown in Figure. 1 c, with a spatial interval of 10 pixels. Each segment represents one component of the spectrum, and the number of counts of every segment indicates the intensity of each component. In this way, the continuous information in spectral domain is transformed to the discrete spatial positions. Based on the accumulated intensity and the calibrated spectra, we express the spectrum distribution of the two photons as p s and p i shown in Figure. 1 d. Figure. 1 c shows several shiny points that can be distinguished from the background. Although they may be the result of dark counts, these events are all considered being generated by actual photons. We assume that the noises are generated with a same probability in every pixel of the camera, resulting in a noise matrix N (ω s , ω i ) = p ns (ω s )p ni (ω i ), which means they should just contribute to a contour base of the final correlation matrix as S(ω s , ω i ) + N (ω s , ω i ). With an optimized criterion, we use a computer program to automatically identify the existence of registered photons and record their positions x s , x i , and then input this correlation information into correlation matrix S(ω s , ω i ) (see Methods).
COSPLI is a technique that allows the acquisition of spatial-temporal correlation of photons. In our experiments, both time-independent and time-dependent spatial correlations are demonstrated. The time width of the camera gate determines whether photons in one frame share correlation or not. In the time-independent scenario, we set ICCD gate width as 10µs, far longer than the pump laser pulse interval (12.9ns). Hundreds of photon pairs may appear in one frame, however, on account of many factors of loss, only one or two photons finally register in one frame. In this case, photons detected in the same frame are seldom originally generated by the same pump pulse, which means they are not temporally correlated, and therefore have no frequency correlation. The statistic characteristic of these photons will be the same as that of an ensemble, where particles are all independent. The correlation matrix turns out to be simply the product of probability distribution
where p s (ω s ) and p i (ω i ) represent the spectrum distribution of signal and idler photons. S indep is the joint spectrum intensity matrix, representing the probability that signal and idler photon simultaneously possess frequency ω s and ω i , respectively [33] . Unlike the joint spectrum of correlated photons (Eqn.1), the time-independent one is separable. Figure.2b shows the experimental results obtained from 100,000 frames. The perfect similarity with the prediction ( Figure.2a) implies that most of shiny points on the screen are real photons rather than dark counts or environmental noise, which can serve as a test of single-photon sensitivity of ICCD. Now we consider the time-dependent scenario, in which only the two correlated photons generated by the same pump pulse appear in the same frame. We synchronize the generation and detection of correlated photons by triggering ICCD, with an electric pulse produced by laser oscillator. Another main difference with the time-independent scenario is the gate width. For the purpose of ensuring that every frame contains at most one pair of the correlated photons, the gate width is set as 12.5ns, which is shorter than the interval between two laser pulses (12.9ns). In this case, detected photons should share the expected frequency correlation with each other. We put the frames that contain correlation events together in a video (see Supplementary Material) .
Experimental results of time-dependent correlation matrix are obtained from 10 7 frames (see Figure.2c and d) . The rate of effective correlation events is about 10 −3 , in which the intrinsically low excitation rate (20%) is an improvable factor. If applying heralded entanglement source, the rate of effective correlation events will increase substantially [34] [35] . There is a tradeoff between resolution and count rate, and we choose 10 pixels as the interval between two components, which provide a resolution of 0.74nm according to the calibrated spectrum distribution.
To demonstrate COSPLI with a different joint spectrum, we use bandpass filters to release the frequency correlation, which is also an important operation to produce high-purity single photons [36] . The transmission spectrum of 3nm filters centered at 779.5nm is shown in Figure. 3a. The two filters lead to a scissors matrix defined as G(ω s , ω i ) = g s (ω s )g i (ω i ), where g s (ω s ) and g i (ω i ) are the transmission probabilities of signal and idler photons respectively. By multiplying the theoretical correlation matrix S dep (ω s , ω i ) by G(ω s , ω i ) term by term, we can derive the modified theoretical correlation matrix S dep (ω s , ω i ) (see Figure.3b ). The measured joint spectrum is shown in Figure. 3c. In this measurement, the interval between two frequency components is changed to 5 pixels, which means that the resolution becomes 0.37nm.
We can see that, as is shown in Figure.2d and Figure.3c , the frequency components of signal and idler photons look to be discrete rather than to be continuous. It is because that we divide the continuous pattern into many segments, leading to the discontinuity of spectrum for both signal and idler photons. In order to restore it, a Fourier filter method is applied to the derived raw data. Since we have discarded all the useless information in the time space, leaving just the joint spectrum, our revised result is more smooth and clear ( Figure.4 ).
In summary, we present an approach of mapping and measuring large-scale photonic correlation with single-photon imaging. We demonstrate this by measuring the joint spectrum of correlated photons with direct imaging. Unlike previous works [37] [38] [39] , we don't have to move two detectors m and n times respectively to obtain a correlation matrix of m × n. Other than spectrum correlation, correlations on other spaces can also be detected after being mapped to position space. The ability to address large-scale correlations in two dimensions may boost the computational power of analog quantum computing by implementing Boson sampling [2] [3] [4] and quantum walk [24] in very large spaces.
Besides quantum technologies, COSPLI may find applications in exploring some new region of ultra-weak signals [40] , like agriculture [41] , food chemistry [42] and biomedicine [43] . For example, it has been reported that neuronal activity has correlation with ultra-weak photon emission (UPE). Commercial detectors have been able to observe the ultra-weak photon emission from a cultured hippocampal slice. However, those researches are limited within the detection of accumulation images [44] or long time periods correlation without broader research scopes [45] . COSPLI may serve as a entirely new technique to reveal the phenomena that correlated events happen simultaneously by short-time-UPE correlation detection.
Methods

Details of correlation analysis:
We first detect an accumulated image of the photons generated by spontaneous parametric down conversion (SPDC), which is shown in Figure. 1. The wavelength range of photon pairs is very small compared to the central wavelength. Therefore, we can assume the wavelength of photons has a linear relationship with the position of them. A MATLAB program is used to divide these two beams into many parts with the same position interval. Each part represents a spectral component. After that, we detect millions of frames of correlation photon pairs by single photon ICCD. During this detecting process, electrical pulses produced by the oscillator are used to trigger ICCD so as to raise the heralding efficiency.
Sequentially, we use a program to process the image data. The first step is to calculate the average background luminance (I b ) of the image. Based on the background we set a gap (I g ), and every spot possessing a luminance above I b + I g will be considered as a photon. Under this condition, this program records the position of each recorded photon. Correlation data is recorded if and only if two photons appear in the signal and idler area, respectively. In the data accumulating process, efficiency and losses are significant. Among these factors, heralding efficiency of oscillator trigger is determained by the excitation rate, which is about 20%. Setup transmission, mainly influenced by the diffraction loss, is 50%. And detecting efficiency of ICCD is 20% at the wavelength of 780nm, which should be squared due to two photons. Because of these, about 1000 frames contain one correlation data.
Minimize noises: To ensure high visibility of photons, we erase any possible stray light with respect to the spectral, temporal and spatial domains. A 12nm band pass filter centered at 780nm is applied before the ICCD to reduce the stray light from the environment. In the time domain, electric pulses produced by the oscillator are used to trigger ICCD in order to ensure high heralding efficiency. Particularly, the travel time of electrical trigger and photons are not necessary to equal. Because the gate width nearly equals to the laser pulse interval, there must be no more than one pair of photons in every detect window of ICCD, even though the photons detected may not be generated by the pulse sending the trigger. At last, in free space, we use light-blocking materials to cover every part of the optical setup.
Joint spectrum: In frequency space, the joint spectrum intensity should be written as S dep (ω s , ω i ) = |f (ω s , ω i )| 2 , where f is the probability amplitude of two photon state generated by SPDC. f (ω s , ω i ) = Aα(ω s + ω i )φ(ω s , ω i ),
In this equation, A is a normalization constant, α(ω s + ω i ) is a function describing the envelope of the pump field. Due to the conservation of energy, we assume the envelope is a Gussianlike beam centered at the line ω s + ω i = const, the width of which is determined by the spectral width of the pump laser. φ(ω s , ω i ) is a phase matching function given by
Two-dimensional Fourier filter: If we calculate the Fourier transform of raw data, there will exist a central direct current (DC) peak, a vertical line, a horzontal line and some noise. The central DC peak contains the information of the the real joint spectrum, while those two lines are generated from the data collecting process, which should be abandoned. Therefore, the continuous joint spectrum will be restored by just doing inverse Fourier transform on the DC peak only.
